Mycoplasma genitalium is an emerging sexually transmitted pathogen associated with reproductive tract disease in men and women, and it can persist for months to years despite the development of a robust antibody response. Mechanisms that may contribute to persistence in vivo include phase and antigenic variation of the MgpB and MgpC adhesins. These processes occur by segmental recombination between discrete variable regions within mgpB and mgpC and multiple archived donor sequences termed MgPa repeats (MgPars). The molecular factors governing mgpB and mgpC variation are poorly understood and obscured by the paucity of recombination genes conserved in the M. genitalium genome. Recently, we demonstrated the requirement for RecA using a quantitative PCR (qPCR) assay developed to measure recombination between the mgpB and mgpC genes and MgPars. Here, we expand these studies by examining the roles of M. genitalium ruvA and ruvB homologs. Deletion of ruvA and ruvB impaired the ability to generate mgpB and mgpC phase and sequence variants, and these deficiencies could be complemented with wild-type copies, including the ruvA gene from Mycoplasma pneumoniae. In contrast, ruvA and ruvB deletions did not affect the sensitivity to UV irradiation, reinforcing our previous findings that the recombinational repair pathway plays a minor role in M. genitalium. Reverse transcription-PCR (RT-PCR) and primer extension analyses also revealed a complex transcriptional organization of the RuvAB system of M. genitalium, which is cotranscribed with two novel open reading frames (ORFs) (termed ORF1 and ORF2 herein) conserved only in M. pneumoniae. These findings suggest that these novel ORFs may play a role in recombination in these two closely related bacteria.
W
ith a genome of only 580 kb encoding 482 predicted proteins, Mycoplasma genitalium is considered the organism with the smallest known genome capable of self-replication (1) . Consequently, M. genitalium has become a model organism for understanding basic biological processes (2-4) and has been used as a platform to identify a minimal gene set required for autonomous cellular life (5) . M. genitalium is also a sexually transmitted human pathogen with an implicated reproductive tract disease spectrum very similar to that of Chlamydia trachomatis, including urethritis in men (6) and cervicitis, endometritis, pelvic inflammatory disease (PID), and tubal factor infertility in women (7) . M. genitalium infections are often asymptomatic and persistent (8) (9) (10) , possibly increasing the risk for sexual transmission and sequelae such as PID and infertility. Despite the significance of primary disease and its sequelae, the molecular pathogenesis of M. genitalium has been understudied. Barriers to such investigations include the fastidious nature and slow growth of this bacterium, difficulty of isolating contemporary strains from human specimens, and the limited genetic tools available for molecular investigations (11) .
In previous studies, we and others have shown that M. genitalium strains generate antigenic and phase variants of its major adhesins, MgpB and MgpC, also known as P140 (MgPa) and P110, respectively (12) (13) (14) . These two surface-exposed proteins are reciprocally stabilized (14) and clustered at the terminal organelle (15) , a singular structure that polarizes the cell and assists in important functions such as cell adhesion, cell motility, and cell division (14, (16) (17) (18) (19) (20) . MgpB and MgpC are also required for proper terminal organelle development (14) and regulate terminal organelle duplication during cell division by an unknown mechanism (21) . Remarkably, MgpB and MgpC induce a robust antibody response in M. genitalium-infected hosts (22) (23) (24) , suggesting that phase and antigenic variation of these proteins may prevent antibody-mediated elimination and promote persistent infections. Supporting this notion, gene variation of mgpB and mgpC (mgpBC) occurs in vivo and evolves over time in persistently infected men and women (9, 12, 13, 25) . In addition, we have recently shown that sera from an experimentally infected primate react strongly with variable region sequences present in the inoculum but weakly with variants that arise later in infection (24) . Together, these results suggest that M. genitalium avoids antibody clearance in part via MgpB and MgpC (MgpBC) antigenic variation.
The mgpB and mgpC genes are located in a single expression site and consist of conserved sequences interspersed with variable regions (B, EF, and G in mgpB and KLM in mgpC). Intriguingly, 4.7% of the small genome of M. genitalium is dedicated to sequences with homology to these variable regions, which are organized in nine distinct chromosomal regions termed MgPa repeats (MgPars) (9, 12, 26) . It has been shown that segmental reciprocal recombination between mgpB and mgpC and these MgPar sequences mediate MgpBC phase and antigenic variation (12, 14) , but the molecular factors promoting variation remain poorly understood.
A minimal set of 25 genes contributes to recombination in Escherichia coli (27) , but only a basic recombination system has been identified in M. genitalium, consisting of RecA, RuvA, RuvB, and RecU, the functional analog of RuvC in Firmicutes and Mollicutes (28) . In silico analysis suggests that M. genitalium lacks genes involved in the early steps of recombination such as recFOR, recBCD, or addAB (28) , indicating that novel and undiscovered factors may be involved to initiate recombination between the mgpB and mgpC genes and the MgPars (mgpBC-MgPar recombination). RecA is the key enzyme of homologous recombination and acts by searching for homologous sequences and directing DNA strand exchange in an ATP-dependent manner (27) , while RuvA, RuvB, and RuvC process recombination intermediates resulting from RecA activity (29) . RuvA and RuvB form a complex composed of one or two tetramers of RuvA and two hexamers of RuvB that catalyze branch migration of Holliday junctions (HJs) using the energy provided by ATP hydrolysis. The RuvAB helicase activity extends the heteroduplex DNA region and is thought to displace the RecA protein filament facilitating the loading of RuvC onto the HJ complex (30, 31) . Subsequently, the endonuclease activity of RuvC resolves the recombination intermediate by introducing nicks in two of the four DNA strands (29) , producing nicked duplexes that can be sealed by a DNA ligase.
Recently, we demonstrated the requirement for RecA in MgpBC phase and sequence variation (32) . These results provided the first insights into the molecular requirements of these two important processes and suggested that other genes orchestrating homologous recombination in M. genitalium may also be involved. In our efforts to understand the mechanism, regulation, and repercussions of MgpBC phase and antigenic variation, in the current study we examined the roles of the RuvA and RuvB homologs from M. genitalium. We also determined the transcriptional organization of ruvAB, revealing that both genes are cotranscribed with two open reading frames (ORFs), which to our knowledge have been identified only in M. genitalium and Mycoplasma pneumoniae strains.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and primers used. The wild-type M. genitalium strain G37 (ATCC 33530) and its derivatives and M. pneumoniae strain M129 (ATCC 29342) were grown in SP-4 broth (33) at 37°C under 5% CO 2 in tissue culture flasks (Corning). SP-4 broth was supplemented with 0.8% agar (Difco) for colony development and with chloramphenicol (15 g/ml) or tetracycline (2 g/ml) for selection of transformants. For comparison during the analysis of mgpBC gene and phase variation, we used a clone of strain G37 (derived from a single colony and filtered), designated G37C and described elsewhere (12, 32) . For cloning purposes, the E. coli strain TOP10 (Invitrogen) was grown at 37°C in LB broth or on LB agar plates containing ampicillin (100 g/ml) and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (40 g/ml) as needed. All primers used in this study are listed in Table 1 , except for the primers used in the mgpBC gene variation assay which were described elsewhere (32) .
RNA extraction and RT-PCR analysis. M. genitalium G37 and the ⌬ruvA mutant were grown in 20-ml cultures to exponential phase, and total RNA was extracted using the RNAaqueous kit (Ambion) following the manufacturer's instructions. For qualitative reverse transcription-PCR (RT-PCR) analyses, we used 1 g of DNase-treated RNA (Turbo DNase; Ambion) and the Maxima H minus first-strand cDNA synthesis kit (Thermo Scientific) using a reverse primer (3=mg359int) complementary to a region of the ruvB gene (Table 1) . Reactions were performed according to the manufacturer's instructions at 60°C to improve strand specificity. Parallel reactions were also performed without reverse transcriptase to control for contaminating DNA. Finally, 2 l of cDNA or control DNA was used as the template in PCRs using the pairs of primers listed in Table 1. PCR mixtures were incubated for 2 min at 95°C, subjected to 30 cycles of PCR, with 1 cycle consisting of 30 s at 95°C, 30 s at  53°C, and 45 s at 72°C , and finally incubated at 72°C for 5 min. PCR products were then resolved in 1% agarose gels and visualized by ethidium bromide staining. Each RT-PCR experiment was replicated at least twice using different RNA preparations.
Primer extension analysis. Primer extension analyses were performed using a previously described nonradioactive protocol (34, 35) . Briefly, 10 g of total RNA was combined with 2 pmol of a 5=-6-carboxyfluorescein (FAM)-labeled primer (Table 1) in reverse transcription reactions using the SuperScript III first-strand synthesis kit (Invitrogen) according to the manufacturer's instructions. After cDNA synthesis, the reaction mixtures were treated for 20 min at 37°C with RNase H (2 U; Invitrogen), and the FAM-labeled cDNA was precipitated for 20 min at room temperature following the addition of 0.1 volume of 3 M sodium acetate and 2.5 volumes of ethanol. Finally, cDNA pellets were obtained by centrifugation at 20,000 ϫ g for 20 min, washed twice with 70% ethanol, and air dried. Prior to electrophoresis, each pellet was dissolved in 10 l Hi-Di formamide (Applied Biosystems) containing 0.5 l GeneScan 400HD ROX size standard (Applied Biosystems). Samples were transferred to a 96-well plate, denatured at 95°C for 2 min, and separated on an ABI PRISM 3130XL genetic analyzer (Applied Biosystems). The resulting cDNA fragments were sized and analyzed using the Peak Scanner v1.0 software (Applied Biosystems). Each primer extension reaction was performed twice using different RNA preparations.
Construction of ruvA and ruvB deletion mutants. DNA manipulations were performed according to standard procedures (36) , and the constructs obtained in this study were verified by DNA sequencing.
To generate the ⌬ruvA and ⌬ruvB mutants, we constructed the suicide vectors p⌬MG_358 and p⌬MG_359, respectively. Briefly, using M. genitalium genomic DNA and the pairs of primers listed in Table 1 , we amplified Acc651-EcoRI and BamHI-XbaI DNA fragments encompassing the 5=-and 3=-flanking regions of MG_358 (ruvA) and MG_359 (ruvB) genes, respectively. The approximately 1-kb DNA fragments were separately cloned into an EcoRV-digested pBE vector (37) and excised with the corresponding restriction enzymes. Finally, p⌬MG_358 and p⌬MG_359 plasmids were created by ligating the corresponding flanking regions with an Acc651-XbaI-digested pBSKIIϩ vector (Invitrogen) and a 2-kb fragment containing the tetM438 selectable marker, which was previously released by digestion with EcoRI and BamHI from the pMTnTetM438 plasmid (37) . To generate the ⌬ruvA and ⌬ruvB mutants, 30 g of p⌬MG_358 and p⌬MG_359 plasmid were used, respectively, to transform M. genitalium by electroporation as previously described (32) . Transformants were selected after incubation for 2 weeks on SP-4 agar plates containing 2 g/ml of tetracycline, and single colonies were picked and propagated in 5 ml of SP-4 broth supplemented with tetracycline. Finally, gene replacement of ruvA or ruvB by the tetM438 resistance cassette was confirmed by PCR using the primer pairs indicated in Table 1 .
Construction of ruvA mutants expressing 3؋FLAG-tagged RuvA derivatives. Because a possible alternative translational start site for ruvA was located 165 bp upstream of the annotated start codon, we assessed whether RuvA is expressed in two different isoforms in M. genitalium. Thus, we amplified a DNA fragment containing ORF1, ORF2, and the ruvA gene with primers 5=Up2_ORF1 and 3=ruvA_FLAGx2. This fragment also includes the promoter regions identified upstream of ORF1 and presumably any regulatory sequence required for transcription and translation of the putative RuvA long isoform. The 5= primer also contains a XhoI restriction site, whereas the 3= primer includes part of the sequence encoding the 3ϫFLAG tag. The PCR product was purified and used as a template for a second PCR using primers 5=Up2_ORF1 and 3=FLAGx3, Fig. 1) a The restriction site sequences introduced at the 5= ends of the primers are shown in boldface type. The italicized bases are sequences corresponding to the 3ϫFLAG tag, and the 22 nucleotides from the MG_438 gene promoter (37) are underlined. For primer 3=FLAGx3, the underlined sequence indicates a stop codon.
which added the remaining sequence encoding the 3ϫFLAG tag, a stop codon, and an EcoRI restriction site. The PCR fragment was cloned into an EcoRV-digested pBE vector (37) , excised with the corresponding restriction enzymes, and finally cloned into a XhoI-EcoRI-digested pMTnCat vector, creating the pMTnCat-12AF plasmid. The pMTnCat vector is a derivative of the pMTnTetM438 minitransposon (37) , in which the EcoRI-BamHI tetM438 selectable marker was replaced by an EcoRIBamHI chloramphenicol (cat) resistance cassette. The cat cassette was obtained by PCR amplification using primers 5=Cat and 3=Cat and genomic DNA from an M. genitalium ⌬recA mutant containing the cat gene in its chromosome (32) . For controls, we also generated plasmids pMTnCat-A S F and pMTnCat-A L F, which were designed to express only the RuvA-tagged protein or the RuvA-tagged protein plus the putative RuvA-tagged long isoform, respectively. These plasmids were created as described above except that 5= primers, 5=ruvAPr438 and 5=ruvA_L_ Pr438, respectively, which contain the sequence for the MG_438 promoter, were used (37).
To generate M. genitalium strains expressing the different RuvAtagged derivatives, we transformed 5 g of each plasmid separately into the ⌬ruvA mutant. Transformation was performed by electroporation as described above, and transformants were selected on SP-4 agar plates containing 15 g/ml of chloramphenicol.
Complementation experiments. Complementation of ⌬ruvA and ⌬ruvB mutants with transposon derivatives expressing M. genitalium RuvA (RuvA Mg ), M. genitalium RuvB, or M. pneumoniae RuvA (RuvA Mp ) was performed as follows. The RuvA coding region of M genitalium was amplified from genomic DNA using primers 5=ruvAPr438 and 3=ruvA, which contain XhoI and EcoRI restriction sites at their 5= ends, respectively. The resulting PCR fragment was cloned into an EcoRV-digested pBE vector (37) , excised with the corresponding restriction enzymes and finally cloned into a XhoI-EcoRI-digested pMTnCat vector, creating the pMTnCat-ruvA Mg plasmid. Using primers 5=ruvBPr438 and 3=ruvB, we followed the same strategy to clone the RuvB coding region into the pMTnCat vector, generating the pMTnCat-ruvB plasmid. The RuvA coding region of M. pneumoniae was amplified from genomic DNA by using primers 5=ruvAMpPr438 and 3=ruvAMp, which contain SalI and EcoRI restriction sites at their 5= ends, respectively. Finally, this fragment was cloned into a SalI-EcoRI-digested pMTnCat vector, creating the pMTnCat-ruvA Mp plasmid. All three plasmids were designed to express RuvA Mg , RuvB, or RuvA Mp under the control of the MG_438 promoter (37) . Complementation of the ⌬ruvA and ⌬ruvB mutants with these constructs was achieved via transposition, as described above for the RuvAtagged derivatives.
Immunoblot analysis. M. genitalium cell extracts were separated by electrophoresis on a 15% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Protran BA 85), following standard procedures (36) . The membrane was blocked with 5% nonfat milk in phosphatebuffered saline (PBS) containing 0.1% Tween 20 solution and then probed with monoclonal anti-FLAG M2 antibody (Sigma), followed by incubation with anti-mouse IgG conjugated to horseradish peroxidase (GE Healthcare). The blot was developed with the Amersham enhanced chemiluminescence (ECL) kit (GE Healthcare) and exposed to Kodak BioMax XAR film.
mgpBC gene variation assay. The mgpBC gene variation assay was performed as described previously (32) . Briefly, the ⌬ruvA, ⌬ruvB, and complemented strains were serially passaged 10 times (approximately 70 generations) in 5-ml cultures of SP-4 broth. For each passage, the cells were scraped off the flasks into the culture medium to collect both adherent and nonadherent cells. One milliliter of the cell suspension was used to obtain genomic DNA using the MasterPure DNA purification kit (Epicentre), whereas another milliliter was kept as frozen stock for the hemadsorption assay (see below). To determine the frequency of mgpBC variants in the population, we used the DNA preparations obtained above and an anchored quantitative PCR (qPCR)-based assay that detects the translocation of targeted sequences from the MgPa repeats (MgPars) into the mgpB or mgpC expression site. In this study, we used four different anchored qPCR assays, which in combination detect variants spanning all the variable regions (B, EF, G, and KLM) and almost all the MgPa repeats (except for MgPar 9 and MgPar 6). The design and PCR conditions of these qPCR assays have been described in detail elsewhere (32) .
Hemadsorption (HA) assay. Frozen stocks obtained after 2, 4, 6, 8, and 10 consecutive passages were serially diluted and plated on SP-4 agar. The ability of the resulting colonies to adsorb sheep erythrocytes (Remel) was tested as described previously (19, 32) . The frequency of spontaneous hemadsorption-deficient (HA Ϫ ) variants in each passage was determined by dividing the number of colonies that failed to adsorb erythrocytes by the total number of colonies analyzed.
UV light sensitivity assay. The UV sensitivity assay was performed as described previously (32) . Briefly, M. genitalium cultures grown to exponential phase were diluted in PBS at 1 ϫ 10 8 CFU/ml and exposed to increasing doses of UV radiation using a CL-1000 UV cross-linker (UVP). Next, cells were serially diluted, and 10 l of each dilution was spotted in duplicate onto SP-4 plates. Survival rates were calculated by dividing the number of CFU obtained from the treated samples by the number of CFU obtained from the nonirradiated samples.
RESULTS
Genetic organization of ruvA and ruvB in M. genitalium. Orthologs of RuvA and RuvB in M. genitalium are encoded by genes MG_358 and MG_359 (referred to herein as ruvA and ruvB, respectively) (38, 39) . As with other bacterial species, both genes are adjacent and oriented in the same direction (Fig. 1A) . In M. genitalium, ruvA precedes ruvB and overlaps the 5= end of ruvB by 26 bp. The genome sequence of M. genitalium strain G37 (GenBank accession number NC_000908.2) also reveals that ruvA and ruvB are flanked by genes encoding acetate kinase (MG_357) and a putative translesion synthesis polymerase (MG_360) oriented in the opposite direction from ruvA and ruvB. It should be noted that a long intergenic region of 807 bp separates MG_357 and ruvA, an unusual feature for the compact genome of M. genitalium. This observation led us to analyze this region in more detail, looking for possible ORFs or specific DNA signatures. Interestingly, we identified two possible ORFs oriented in the same direction as ruvA and ruvB (Fig. 1A) . The first ORF (ORF1) starts 108 bp downstream of MG_357 and is predicted to encode a small protein of 69 amino acids with a calculated molecular mass of 7.8 kDa. Positioned only 63 bp downstream of ORF1, we identified a second ORF (ORF2) potentially encoding a protein of 141 amino acids with a calculated molecular mass of 16.5 kDa. Further sequence analysis of these novel ORFs revealed no significant homology to known proteins available in public databases, except for orthologs conserved in other sequenced strains of M. genitalium or in M. pneumoniae, the closest relative of M. genitalium (see Table S1 in the supplemental material). Using BLAST searches, the ortholog of ORF2 was identified in M. pneumoniae (type strain M129) as MPN534. As with M. genitalium G37, the ortholog of ORF1 is not recognized in the current annotation of the M. pneumoniae M129 genome (GenBank accession number NC_000912.1) but was found upstream of MPN534 by manual inspection. The sequence identities for ORF1 and ORF2 in relation to their M. pneumoniae orthologs are 56.5% and 54.6%, respectively (see Fig. S1 in the supplemental material).
Further sequence analysis of this region also revealed a possible alternative translational start codon (ATG) for the ruvA gene, positioned 165 bp upstream of the current annotated start codon (see Fig. S2A in the supplemental material). Translation initiation from this start codon predicts the expression of a RuvA isoform with an N terminus extended by 55 amino acids. However, Western blot analysis of cell extracts expressing different RuvA FLAGtagged derivatives detected only the predicted 26.4-kDa RuvAtagged protein, but not the larger 33.2-kDa isoform (Fig. S2B) . These results indicate that this putative RuvA isoform is not expressed under our growth conditions or is unstable. Since the presence of this long isoform is not predicted in M. pneumoniae or in other close relatives, we conclude that it is unlikely that this RuvA long isoform exists or plays a significant role in M. genitalium.
M. genitalium ruvA and ruvB genes are cotranscribed with two novel ORFs. In E. coli, the ruvA and ruvB genes constitute an SOS-regulated operon. To establish whether ruvA and ruvB are similarly coexpressed in M. genitalium, we designed RT-PCR experiments in which strand-specific reverse transcription was performed on total RNA using a reverse primer specific for ruvB (Fig.  1A) . A PCR designed to span the junction of ruvA and ruvB (RT-PCR 4) amplified a fragment of the expected size, suggesting that ruvA and ruvB are cotranscribed in M. genitalium (Fig. 1A and B) . Given the close proximity of ORF1 and ORF2 to ruvA and ruvB (ORF2 and ruvA are separated by 2 bp), we hypothesized that ORF1 and ORF2 might also be cotranscribed with ruvAB. As shown in Fig. 1 , bands of the expected sizes were obtained for RT-PCRs 2 and 3, suggesting the presence of a transcript spanning ORF1, ORF2, ruvA, and ruvB. No product was obtained for RT-PCR 1, indicating that the transcript does not extend into MG_357 (Fig. 1) . In all cases, no PCR products were obtained when the reverse transcriptase was omitted from the reaction, confirming that products arose from RNA and not contaminating DNA (Fig. 1B) .
Identification of transcriptional start sites upstream of ruvA and ruvB genes. To further characterize the transcriptional organization of the ruvAB operon, we mapped the transcriptional start sites (TSSs) using a fluorescence-based primer extension protocol (34, 35) . As shown in Fig. 2A , we used four gene-specific FAMlabeled primers (PE-1, PE-2, PE-3, and PE-4), each located ϳ90 bp downstream of the start codon predicted for each ORF. Primer extension experiments using primer PE-4 did not yield a discernible product, whereas primer PE-3 generated three peaks representing cDNA fragments of ϳ800 nucleotides (data not shown), suggesting that several transcripts initiate upstream of ORF1. In order to size these products precisely, we performed additional primer extension analyses using primers PE-1 and PE-2, located downstream of the translational start sites predicted for ORF1 and ORF2, respectively ( Fig. 2A) . Consistent with the results obtained with primer PE-3, primer PE-1 generated 3 peaks matching cDNA fragments of 123 (S3), 141 (S2), and 255 (S1) nucleotides (Fig.  2B) . The TSS S2 gave the most intense signal, suggesting that position Ϫ50 relative to the predicted translational start site for ORF1 is the major TSS under our growth conditions ( Fig. 2A) . TSS S2 and S1 were also accompanied by peaks with a lower intensity at positions 140, 142, and 254, suggesting the presence of heterogeneous TSSs in these positions. Products with similar 5= termini were obtained using primer PE-2 (data not shown), though this primer also yielded two additional products of low intensity of 97 (S5) and 224 (S4) nucleotides in length (Fig. 2C) . We identified putative Ϫ10 promoter elements with sequences resembling the consensus described for M. pneumoniae (40) upstream of the detected TSSs ( Fig. 2A) . Sequence conservation in the Ϫ35 region was not apparent, except for the putative Ϫ35 element located upstream of the S5 TSS which resembles the canonical E. coli 70 Ϫ35 region (TTGACA). The lack of consensus in the Ϫ35 region and the minor role of this promoter element during initiation of transcription have been previously described for M. pneumoniae (40, 41) . We also found an imperfect inverted repeat sequence (ACATTAATTTG-8N-CAAATTGAATGT, where underlining indicates matching bases) overlapping the putative promoter and the S5 TSS ( Fig. 2A) .
RuvA and RuvB are required for mgpBC gene and phase variation. RuvA and RuvB are ubiquitous bacterial proteins that cooperate to drive branch migration during homologous recombination. To determine the roles of these two proteins in mgpBC gene and phase variation, we constructed M. genitalium ruvA and ruvB deletion mutants by homologous recombination. Suicide plasmids were designed to delete 80.7% and 81.9% of the RuvA and RuvB coding regions, respectively, and replace these sequences with a tetracycline resistance marker (Fig. 3A) . Because ruvA overlaps with ruvB and ruvB overlaps with MG_360 also, we preserved in the deletion mutants 119 bp of the 3= end of ruvA and 132 bp and 35 bp of the 5= and 3= ends of ruvB, respectively (Fig.  3A) . The intended gene replacements were confirmed by PCR as shown in Fig. 3A and B. Furthermore, we confirmed that deletion of ruvA did not abolish ruvB transcription in the ⌬ruvA mutant using RT-PCR analyses (Fig. 3C) .
To examine the ability of ⌬ruvA and ⌬ruvB mutants to generate mgpBC variants, we used our previously described anchored qPCR-based assays that detect the translocation of specific sequences from the MgPars into the mgpB or mgpC expression site (32) . As shown in Fig. 4 , we used four different anchored PCRs, which in combination detect variants spanning all the variable regions (B, EF, G, and KLM) and almost all the MgPars. We found that the wild-type strain accumulated variants over time for all the variable regions with similar rates as previously described (32) . In contrast, the ⌬ruvA and ⌬ruvB mutants contained very few mgpBC variants in the population, and the frequency of these variants did not increase after 10 consecutive passages (Fig. 4) . Importantly, gene variation was restored after reintroducing wild-type copies of ruvA or ruvB into their respective mutants via transposition (Fig. 4) , although we observed variability in the rates of gene variation exhibited by the different transformants examined. This variability might be explained by differences in expression of the inserted genes, due to the influence of the genetic context surrounding the transposon insertion. Furthermore, the constitutive promoter used to drive expression of ruvA or ruvB in the complemented derivatives does not provide possible mechanisms of regulation, which may be important to maintain a proper stoichiometry of RuvA and RuvB for optimal mgpBC gene variation. Finally, restoration of mgpBC-MgPar recombination in the ⌬ruvA mutant by introducing a wild-type copy of ruvA in trans also provides evidence that RuvA synthesis in cis is not required for RuvB translation. Although we cannot rule out the possibility that RuvB translation in the ⌬ruvA mutant is coupled to tetM438 expression, these results suggest that the 132-bp re- -labeled primers (PE-1, PE-2, PE-3, and PE-4) used in the primer extension reactions are shown by small solid black arrows below the schematic, and TSSs are indicated by small black bent arrows labeled S1 to S5 above the schematic, matching the peaks shown in panels B and C. The height of the arrows indicates the abundance of the transcripts detected based on the peak intensity showed in panels B and C. The region located upstream of ORF2 is shown below the schematic, with coding sequences highlighted in color. The sequences targeted by primers PE-1 and PE-2 are indicated by dashed arrows, TTSs (ϩ1) detected by primer extension are in red, and predicted Ϫ10 and Ϫ35 elements are boxed. Converging arrows denote an imperfect inverted repeat just upstream of ORF2. (B and C) Electropherograms generated by Peak Scanner v1.0 analysis software (Applied Biosystems) from primer extension experiments using total RNA isolated from M. genitalium G37 and primers PE-1 (B) and PE-2 (C). Primer extension products obtained (blue) and size standards (GeneScan 400HD ROX; Applied Biosystems) (red) are indicated. The height of the peak denotes fluorescence intensity of the FAM signal. The peaks are numbered to correspond to the bent arrows shown in panel A. gion located upstream of the ruvB coding region contains specific sequences that direct RuvB translation in M. genitalium (Fig. 3A) .
We have previously proposed that M. genitalium nonadherent phase variants arise spontaneously by recombination between the mgpB or mgpC expression site and the MgPars (14) . Consistent with this hypothesis, we have recently demonstrated that these variants arise mainly by a RecA-dependent mechanism (32) . To assess whether RuvA and RuvB also play a role in MgpBC phase variation, we determined the frequency of hemadsorption-deficient (HA Ϫ ) variants in the ⌬ruvA and ⌬ruvB mutant population. In contrast to the wild-type strain that accumulated HA Ϫ phase variants during 10 consecutive passages, the ⌬ruvA and ⌬ruvB mutants exhibited a low frequency of HA Ϫ variants throughout the experiment, suggesting that the absence of RuvA and RuvB impairs the capacity to generate new HA Ϫ variants (Fig. 5) . Complementation with wild-type copies of ruvA or ruvB restored HA Ϫ phase variation to parental levels (Fig. 5) . From these results, we conclude that M. genitalium RuvA and RuvB are required for efficient mgpBC gene and phase variation.
RuvA Mp protein substitutes RuvA Mg function in mgpBC gene and phase variation. Previous biochemical studies have shown that M. genitalium RuvA (RuvA Mg ) and its ortholog in M. pneumoniae (RuvA Mp ) exhibit significant differences in their in vitro activities (39) , despite their sequence similarity (68.8% identical). The most remarkable difference is the inability of RuvA Mg to form a second complex with synthetic HJ substrates composed of two RuvA tetramers binding to opposite faces of the junction (39) . To address the effects of these different activities on mgpBC-MgPar recombination, we expressed the RuvA Mp in the M. genitalium ⌬ruvA mutant and measured mgpBC gene and phase variation. As shown in Fig. 4 and Fig. 5 , the RuvA Mp protein was able to substitute for RuvA Mg in both processes, suggesting that RuvA Mp is able to interact with M. genitalium RuvB and presumably RecU to facilitate the processing of HJ intermediates created during mgpBC-MgPar recombination.
RuvA and RuvB deletions do not increase sensitivity to UV damage. In E. coli, DNA damage caused by UV irradiation is largely repaired through the nucleotide excision and recombinational repair pathways. To examine the roles of RuvA and RuvB in DNA repair in M. genitalium, we challenged the ⌬ruvA and ⌬ruvB mutants to increasing doses of UV irradiation and compared their survival curves to that of the parental strain. We found that deletion of ruvA and ruvB did not increase sensitivity of M. genitalium to UV damage, even at the highest dose of UV irradiation tested (Fig. 6) . The lack of sensitivity cannot be explained due to the inability of M. genitalium to repair UV damage, since deletion of the nucleotide excision repair gene uvrC results in extreme sensitivity (32) . These results corroborate our previous findings suggesting that the recombinational pathway plays a minor role in M. genitalium DNA repair (32) .
DISCUSSION
Homologous recombination is a fundamental process that contributes to DNA repair and genetic diversity. In some cases, DNA recombination is associated with antigenic and phase variation, which are common strategies used by many bacterial pathogens to evade the host immune response and to adapt to dynamic environments (42, 43) . In this study, we have established that, in addition to RecA (32), RuvA and RuvB are required for mgpBC gene and phase variation in M. genitalium. These results support a model in which these processes occur via homologous recombination mediated by RecA and involve RuvAB-mediated branch migration of the DNA intermediates formed during mgpBC-MgPar recombination.
The activity of RuvAB has also been implicated in the antigenic variation systems of vlsE in Borrelia burgdorferi and pilE in Neisseria gonorrhoeae, both of which depend upon recombination (44) (45) (46) (47) . In the case of N. gonorrhoeae, another branch migration helicase, RecG, has been implicated (47) . In this bacterium, mutations in recA completely prevent pilin variation (48) , whereas antigenic variation in ruvA, ruvB, or recG mutants is merely reduced (47) . These findings suggested that two branch migration systems are active in N. gonorrhoeae, perhaps by acting at different stages during recombination or upon different substrates (47) . In contrast to N. gonorrhoeae, M. genitalium does not possess a recG homolog, and deletions of ruvA, ruvB, and recA result in the same deficient phenotype of mgpBC variation, suggesting that RuvAB is the only branch migration pathway in this minimal bacterium.
The branch migration activity of RuvAB might be of particular importance in M. genitalium for regulating the extent of sequence variation at the mgpB or mgpC locus. In E. coli, RuvAB promotes branch migration between mismatched regions, and this activity is specifically important for genetic exchange between different species (49, 50) . Similarly, mgpBC variation might depend on the ability of RuvAB to bypass the mismatches in the heteroduplex DNA formed during mgpBC-MgPar recombination. It is interesting that M. genitalium apparently does not possess a mismatch repair system (4), which is known to be one of the limiting factors of homologous recombination (50, 51) .
Biochemical studies have shown that RuvA and RuvB proteins from M. genitalium and M. pneumoniae display in vitro activities that differ substantially from their counterparts in other bacteria (38, 39) . One example is the elevated helicase activity of the RuvB protein of the subtype 2 strain FH of M. pneumoniae (RuvB FH ) in the absence of RuvA (38) . Similarly, RuvB of M. genitalium also displays intrinsic helicase activity, even though the activity levels are lower than that of RuvB FH , and this activity can be stimulated by RuvA (38, 39) . Surprisingly, neither of these RuvB proteins can promote HJ branch migration in vitro irrespective of the presence after propagation of clone G37C, ⌬ruvA mutant, ⌬ruvB mutant, and complemented strains for 2, 4, 6, 8, and 10 consecutive passages (P2, P4, P6, P8, and P10). Variants were measured as previously described (32), using four different anchored qPCR assays that detect specific variants in which the MgPar sequences targeted by the primers have translocated into the mgpB or mgpC expression site. The letters and numbers for each anchored qPCR indicate the variable region within the mgpB or mgpC gene and the MgPar sites targeted, respectively (e.g., B-24 targets recombinants between region B and MgPar site 2 or 4). Note the different scale for each qPCR assay depending on the number of MgPar sites targeted. Two different deletion mutants and two independent complementation isolates were examined. A representative transformant is shown, and the data are presented as the means Ϯ standard deviations (SD) (error bars) from two independent experiments, with each sample assayed in duplicate.
FIG 5 Frequency and accumulation of HA
Ϫ phase variants after propagation of clone G37C, ⌬ruvA mutant, ⌬ruvB mutant, and complemented strains for 2, 4, 6, 8, and 10 passages. The frequency of phase variants was calculated by dividing the number of colonies that failed to adsorb erythrocytes by the total number of colonies analyzed. The data from the same transformants shown in Fig. 4 are presented as the means Ϯ standard errors of the means (SEM) (error bars) from two independent experiments assayed in duplicate.
or absence of RuvA (38) . These results are in contrast to observations made for the E. coli RuvB protein, in that its DNA helicase activity is entirely dependent on RuvA (52), and RuvB does promote branch migration in vitro (53, 54) . Despite these differences, our study revealed that M. genitalium ⌬ruvA and ⌬ruvB mutants are both deficient in gene variation, in agreement with the paradigm that RuvA facilitates the interaction of RuvB with HJ intermediates to support branch migration in the cell (55) . Consequently, the observation that M. genitalium RuvB protein is unable to promote branch migration of HJ substrates in cell-free experiments (38) suggests that the recombination intermediates created during mgpBC-MgPar recombination are different or alternatively that additional factors or specific conditions found in the cell are required.
Another striking difference between the RuvAB systems of M. genitalium and E. coli is that RuvA Mg protein cannot form stable double tetramers on synthetic HJ substrates (39) , as opposed to the RuvA counterparts in E. coli or M. pneumoniae (56) . In E. coli, RuvA tetramer-tetramer interactions are required for efficient branch migration in cell-free experiments, although disruption of this interaction does not have an effect on recombinational repair or conjugational recombination (57, 58) . In this regard, our results also demonstrate that this distinction does not have a major impact in gene variation, since RuvA Mp is able to efficiently promote mgpBC gene and phase variation in M. genitalium ⌬ruvA mutants.
In addition to processing HJs during homologous recombination, RuvAB can also catalyze the conversion of inactivated replication forks into HJs in certain E. coli replication mutants in a process called replication fork reversal (RFR) (59, 60) . Recent studies have shown that RFR is dependent on the formation of stable octamers (58) , suggesting that M. genitalium might be unable to reverse stalled replication forks in similar circumstances. In contrast to the well-documented role of homologous recombination in DNA repair (61), inactivation of ruvA or ruvB in M. genitalium had no effect on viability after UV damage. In previous studies, we obtained similar results when the recA gene was inactivated, leading us to propose that the recombinational DNA repair pathway plays a minor role in M. genitalium (32) . Interestingly, recent studies performed in B. burgdorferi have led to similar conclusions (62) . These findings may be explained by the apparent lack of an SOS response in these microorganisms. In addition, both pathogens exhibit low growth rates, a situation that may allow time to repair some DNA lesions before replication forks encounter them. This scenario would reduce both the requirement for the recombinational DNA repair pathway and the demand of RFR catalyzed by the RuvAB system, perhaps providing an explanation for the loss of the ability of RuvA Mg to form stable double tetramers. Notably, no orthologs have been identified in M. genitalium for the RecBCD system or the PriA protein (28) , which play key roles resetting the reversed replication forks and resuming replication in E. coli, respectively (60) .
Our studies also revealed that ruvA and ruvB of M. genitalium are transcriptionally linked to two novel ORFs (termed ORF1 and ORF2), not previously recognized in the current annotation of the M. genitalium G37 genome. These ORFs have no significant homology to proteins or conserved domains known in other organisms but are conserved upstream of ruvA and ruvB in M. pneumoniae, suggesting a functional linkage of these ORFs with the recombination system of these two species. Notably, M. pneumoniae also uses recombination with archived sequences to antigenically vary its P1 adhesin and ORF6 gene product (63) , which are the counterparts of MgpB and MgpC proteins, respectively (64, 65) . Therefore, considering the similarities between these antigenic variation systems and the conservation of these unique ORFs transcriptionally linked to the ruvAB genes, it is tempting to speculate that ORF1 and ORF2 may play a role in promoting or regulating gene variation in these two closely related bacteria.
The identification of five putative TSSs suggests a complex transcriptional organization in the M. genitalium ruvAB operon. Some of these TSSs had heterogeneous origins, a trait previously observed for M. pneumoniae transcripts (40) . Three (S1, S2, and S3) of the five TSSs were located upstream of ORF1, and the transcripts derived from these sites spanned ORF1, ORF2, ruvA, and ruvB. Interestingly, two potential TSSs (S4 and S5) were also identified upstream of ORF2. This scenario would allow separate transcriptional control of ORF1 from the other genes within the operon and may indicate that ORF1 is not functionally related to the downstream genes. However, we cannot rule out the possibility that these minor TSSs are derived from endonucleolytic cleavage of the primary transcript or a premature stop of reverse transcriptase activity due to an RNA secondary structure. This could be the case for TSS S5, as we identified an imperfect inverted repeat sequence overlapping the promoter presumably driving the expression of this minor transcript. Alternatively, a more intriguing possibility is that this inverted repeat is a regulatory sequence involved in the transcriptional control of this promoter. In this regard, ruvAB transcription in E. coli and in other bacteria is induced by the SOS response (61) . Although no ortholog for the SOS response regulator LexA has been identified in M. genitalium, it is possible that other novel regulators exist, raising the possibility that a transcript comprised of ORF2, ruvA, and ruvB may be induced under specific conditions. This hypothesis and the possible role of ORF1 and ORF2 in mgpBC-MgPar recombination will be addressed in future studies.
FIG 6
Survival of wild-type G37 and ⌬ruvA and ⌬ruvB mutants after UV irradiation. Survival is shown in a semilogarithmic plot, and the values are means Ϯ SD of three independent experiments. Differences between the wild type and ⌬ruvA and ⌬ruvB mutants did not achieve statistical significance (two-tailed Student's t test) for any of the matched UV fluences.
